Insl3 gene inactivation results in cryptorchidism. Little is known, however, about whether the plasticizer diethylhexyl phthalate (DEHP), a contaminant found widely in the environment, influences INSL3 expression. In this study, primary cultures of Leydig cells from mouse embryos were treated in vitro with DEHP. We also treated pregnant mice with DEHP from gestation day 12 to postnatal day 3 in order to study the effect of DEHP in vivo.
Introduction
Phthalates are used in many consumer products, such as soaps, shampoos, paints, glues, hairsprays, medical products, insect repellents and cosmetics, and they are also added to plastic as plasticizers to make the plastic flexible, durable and more comfortable to use. There are many kinds of phthalates, including dimethyl phthalate (DMP), diethyl phthalate, dibutyl phthalate, benzylbutyl phthalate and diethylhexyl phthalate (DEHP), and they are also considered to be widespread environmental contaminants, being found widely in the environment in water, soil, food, and the atmosphere. 1, 2 They have also been detected in animal and human tissues. 3 Studies have demonstrated that phthalates are significantly associated with the occurrence of some congenital diseases, such as cryptorchidism and hypospadias. 4 -6 The most frequently used and most widely-studied phthalate is DEHP and, as a plasticizer,
REAGENTS
Dulbecco's Modified Eagle's Medium (DMEM)/F12 was purchased from Hyclone ® (Logan, UT, USA). Fetal bovine serum (FBS) was obtained from Tianjin TBD (Tianjin, China). DEHP was from Shanghai Chemical Reagents (Shanghai, China). Maize oil, trypase and acridine orange were from Sigma (St Louis, MO, USA). Trizol ® and collagenase I were from Gibco-BRL (Gaithersburg, MD, USA). TaqDNA polymerase, Moloney Murine Leukaemia Virus (M-MLV) reverse transcriptase and deoxyribonucleotide triphosphate (dNTP) were from Promega Corporation (Madison, WI, USA). An in situ hybridization kit was purchased from Boster Biological Technology (Wuhai, China). The reverse transcription polymerase chain reaction (RT-PCR) kit was from Roche, Mannheim, Germany.
ISOLATION AND PRIMARY CULTURE OF LEYDIG CELLS
Pregnant mice were killed by cervical dislocation on GD 16. Male fetuses were identified and their testes removed aseptically. The testes were decapsulated and the seminiferous tubules separated mechanically. Leydig cells were dispersed in DMEM/F12 medium containing 0.03% collagenase I for 10 min at 4°C. Cold medium was added to terminate the enzymic digestion. The crude suspension was filtered through a 100 µm mesh stainless steel screen and the filtered solution was centrifuged at 1000 rpm in a LXJ-II centrifuge (Shanghai Medical Analyzer Factory, Shanghai, China) for 10 min. The cell pellet was suspended in DMEM/F12 medium. Cell viability was determined using the trypan blue dye exclusion test and cell numbers were counted using a haemocytometer. The Leydig cells were diluted at various concentrations using DMEM/F12 with 10% FBS and incubated at 37°C in an atmosphere of 5% CO 2 . After 6 h of cell culture, the Leydig cells had usually adhered to the tissue culture plate so the original culture medium XF Song, GH Wei, X Liu et al.
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could be discarded. The adherent Leydig cells were washed twice with 0.01 mol/l phosphate-buffered saline (PBS), pH 7.3, and fresh culture medium was added to the cells for further incubation. For detailed observation of the cellular structure, the isolated Leydig cells from fetal mice were seeded into a six-well plate with coverslips at a density of 1 × 10 8 cells/l. After culture for 72 h, the medium was discarded and the cells were incubated with medium containing 1 µg/ml acridine orange for 10 min at room temperature. The Leydig cell-covered coverslips were scanned under a confocal laser microscope (Nikon, Tokyo, Japan).
LEYDIG CELL IDENTIFICATION AND PURITY DETERMINATION
Leydig cells were identified and their purity was determined using a modified version of the Machluf et al. method. 9 Briefly, Leydig cells before culturing and 0.25% trypase digested 72 h-cultured adherent Leydig cells were resuspended and a cell smear was then prepared using a centrifugation-smear machine (M802-22; StatSpin Inc, Norwood, MA, USA). After preheating at 37°C for 30 min, the cells were stained with 3βhydroxysteroid dehydrogenase (3β-HSD) for 2 h, then washed twice with PBS followed by fixation in 10% neutral formalin for 5 min, counterstaining with haemotoxylin and eosin, and mounting with neutral resin before being observed under a light microscope. Those cells that stained purple-blue and were of a uniform granule size were regarded as Leydig cells. The number of positive (Leydig) and negative cells was counted and the proportion of Leydig cells (i.e. the purity) was calculated.
IN SITU HYBRIDIZATION
The isolated Leydig cells from fetal mice were seeded into a six-well plate with coverslips at a density of 1 × 10 8 cells/l. After culture for 72 h, the medium was discarded and the cells were incubated with fresh medium containing DEHP at a final concentration of 50, 100 or 200 mg/l. The blank control wells were exposed to medium without DEHP and the vehicle control wells were exposed to the same volume of serum. Eight parallel wells of Leydig cells were exposed to each dose of DEHP. After 12 h of culture in DEHPcontaining medium, the Leydig cell-covered coverslips were fixed in 4% paraformaldehyde solution and INSL3 mRNA expression was detected using the in situ hybridization kit (see Reagents section) according to the manufacturer's instructions. The hybridization solution without probes was used as the negative control. Leydig cells that were positive for INSL3 mRNA expression stained brown-yellow in the cytoplasm (3,3′-diaminobenzidine staining). The intensity of INSL3 mRNA expression was determined by measuring the mean optical density on image analysis.
SEMI-QUANTITATIVE RT-PCR
For semi-quantitative measurement of INSL3 mRNA, RT-PCR was carried out by extracting RNA samples from the cultures of Leydig cells and from the testes of infant mice. Leydig cells were treated in vitro with 50, 100 and 200 mg/l DEHP for 12 h. The blank control wells were exposed to medium without DEHP and the vehicle control wells were exposed to the same volume of serum.
Mice at GD 12 were randomly divided into five groups (n = 10): blank control group, without any treatment; vehicle control group, mice were oral gavaged with 2 ml/kg per day of maize oil from GD 12 to postnatal day (PND) 3; and three treated groups, mice were oral gavaged with 100, 200 or 500 mg/kg per day DEHP from GD 12 to PND 3. Male infant mice were sacrificed at PND 5 XF Song, GH Wei, X Liu et al.
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and 15 and the testes were removed for RNA isolation. Total RNA was isolated using Trizol ® reagent (see Reagents section) according to the manufacturer's instructions. Purity of the RNA was assessed by spectrophotometric measurement of the absorbance ratio at 260 nm (A 260 ) and 280 nm (A 280 ) where A 260 /A 280 > 1.8. cDNA was synthesized from 50 ng total RNA in 20 µl of PCR reaction mixture using the RT-PCR kit. A 25 µl volume of reaction mixture contained 4 µl of product from the reverse transcription (RT) as a template, 2.5 µl 10 × PCR buffer, 0.3 µl Taq DNA polymerase and 0.1 mM primers. The sequences of the primers used were: INSL3, sense 5′-TGCAGTGGCTAGAGC AGAGA-3′ and antisense 5′-TGCAATGACA TAGCCAGGAG-3′ (yielding a 248-base pair product); and for the internal control β-actin, sense 5′-TGTTACCAACTGGGACGACA-3′ and antisense 5′-GGGGTGTTGAAGGTCT CAAA-3′ (yielding a 165-base pair product).
The PCR conditions were: 95°C for 5 min for predenaturing, then 35 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 1 min. It was confirmed that, under these conditions, the amount of PCR product represented the initial amount of total RNA used in the RT reaction. The PCR products were separated by electrophoresis in a 2% agarose gel and stained with ethidium bromide. The target bands were analysed densitometrically using a VistaFluor Imager SI (Molecular Dynamics Inc., Sunnyvale, CA, USA).
STATISTICAL ANALYSIS
Statistical tests were performed using the SPSS ® 12.0 package (SPSS Inc., Chicago, IL, USA). All values were expressed as mean ± SD. One-way analysis of variance was used to determine statistically significant differences within groups, and Student's t-test was used to determine statistically significant differences between groups. A P-value < 0.05 was considered statistically significant.
Results

PURITY AND MORPHOLOGICAL CHANGES OF PRIMARY CULTURES OF LEYDIG CELLS
The mean (± SD) survival rate of Leydig cells derived from GD 16 mice fetal testes was 80.88 ± 2.80%. The mean (± SD) purity of Leydig cells prior to and following 72 h of culture was 45.10 ± 1.66% (n = 10) and 81.17 ± 2.32% (n = 10), respectively. The morphological appearance of Leydig cells stained with 3β-HSD plus haematoxylin and eosin is shown in Fig. 1A, 1B , and stained only with 3β-HSD in Fig. 1C . Under the inverted phase contrast microscope, adherent Leydig cells were transparent with a clear cell outline containing no particles ( Fig. 2A ). Proliferating Leydig cells showed a fibrocyte-like growth pattern and they were connected to form a membrane-shaped monolayer. The cultured Leydig cells were completely confluent after 3 -4 days of culture (Fig. 2B) . The haematoxylin and eosin, and the acridine orange-stained cells on the coverslips were observed under a fluorescence microscope, and the nuclei of the Leydig cells appeared round or ovalshaped, basophilic, and mostly located in centre of the cells (Fig. 2C) . One or two nucleoli were also seen, usually located at the edge of nuclei. The outline of the cytoplasm was polygonal with three or four protuberances (Fig. 2C ). Following exposure to DEHP, cell proliferation decreased, the cell outline became more distinguished, the cytoplasm appeared rough with particle accumulation and vacuoles formed. In some cases, cell proliferation stopped entirely, and previously adherent cells became detached, began to degenerate and were seen floating in the culture medium (Fig. 2D ).
HISTOLOGICAL CHANGES IN THE TESTES OF NEWBORN MICE
Under a light microscope, we observed that the seminiferous tubules of PND 5 mice in the blank control group were solid funicular (sex cord), and part of the seminiferous tubules of PND 15 mice had begun to form a lumen. There were three or four clear layers of seminiferous cells with a normal structure in PND 5 and PND 15 mice. Loose testicular mesenchymes were distributed between the seminiferous tubules with a few Leydig cells. The Leydig cells were large and their round or elliptical nuclei were located in the centre of the cells. The testes of mice in the DEHP-treated groups all showed significant pathological changes, including the denaturing of 
INSL3 MRNA EXPRESSION OF PRIMARY CULTURES OF LEYDIG CELLS
In situ hybridization showed that INSL3 mRNA was expressed in the cytoplasm of Leydig cells, as shown by brown-yellow staining (Fig. 3 ). There was no significant difference between the vehicle control and the blank control groups. The mean optical density for the 50 mg/l DEHP-treated group was significantly lower than the blank control group (P < 0.05). The mean optical densities for the 100 and 200 mg/l DEHPtreated groups were significantly lower than both the blank control group and the 50 mg/l DEHP-treated group (P < 0.01) ( Fig. 4 ). Figure 5 shows the results of the in vitro experiments in cultured Leydig cells. Both the 248-base pair (INSL3) and 165-base pair (β-actin as the internal control) bands were expressed in the control and DEHP-treated groups (Fig. 5A) . The ratio of the optical densities of the INSL3 and β-actin bands was used to represent the relative intensity of the target (INSL3) product (Fig. 5B ). There was no statistically significant difference between the vehicle control and blank control groups. The relative intensity of INSL3 mRNA expression in each DEHP-treated group was significantly decreased compared with the Table 1 shows the results of the in vivo experiments in the testes of infant mice. The relative intensity of INSL3 mRNA expression Relative intensity (mean ± SD) of insulin-like factor 3 mRNA expression in the testes of infant mice treated in vivo with diethylhexyl phthalate (DEHP) from gestational day 12 to postnatal day 3, compared with controls DEHP inhibits INSL3 mRNA expression by Leydig cells in each DEHP-treated group was significantly lower (P < 0.01) than that in the blank control group during the early postnatal days (PND 5). Pairwise comparisons between the treated groups also demonstrated significant differences (P < 0.01). As for PND 15, there were also significant differences between the DEHP-treated and blank control groups (P < 0.05 or P < 0.01). Although the relative intensity of INSL3 mRNA expression in the 500 mg/kg per day DEHP-treated group was higher than that in the other two treated groups, pairwise comparisons between the treated groups demonstrated no significant differences. The difference in relative intensity of INSL3 mRNA expression between the treated and control groups in the PND 15 mice was less marked than in the younger PND 5 mice. These findings indicate that DEHP had an effect on INSL3 mRNA expression in the testes of infant male mice that was dose-dependent and appeared to decrease as the mice aged.
RELATIVE INTENSITY OF INSL3 MRNA EXPRESSION IN LEYDIG CELLS AND IN THE TESTES OF NEWBORN MICE
Discussion
INSL3 is also called Leydig insulin-like factor, Leydig cell-specific insulin-like peptide or relaxin-like factor, and it is specifically expressed in testicular Leydig cells. 10 INSL3, testosterone and anti-Müllerian hormone (AMH) all play a vital role in the normal sexual differentiation and development of animals and, if secretion of these three biological mediators is disrupted, congenital abnormalities of the urogenital system, such as cryptorchidism, are induced. 11 Cryptorchidism is the most common congenital urogenital system abnormality during infancy, with an occurrence rate of 2 -4% in full-term male babies. 4 It is also the main cause of male sterility, however the aetiology of cryptorchidism remains unknown. Previous research suggested that testicular descent can be divided into two phases: descent through the abdominal cavity followed by descent through the inguinal canal to the scrotum. 12 The gubernaculum and cranial suspensory ligament play a significant role in the process of testicular descent. 12 Research has demonstrated that three key factors ensure that the testicle descends normally: (i) embryonic gubernaculum development that is controlled by the action of INSL3; (ii) testosterone; and (iii) cranial suspensory ligament degeneration. 7 During the descent stage through the abdominal cavity, INSL3 induces hyperplasia of the gubernaculum cells. Meanwhile, testosterone promotes degeneration of the cranial suspensory ligament, which promotes descent of the testes from the abdominal cavity into the groin. During testicular descent through the groin into the scrotum, testosterone further promotes the degeneration and contraction of the gubernacula, which induces the testes to complete their descent into the scrotum.
The INSL3 gene knock-out mouse model has demonstrated that the INSL3homozygote (INSL3 -/-) mouse exhibits bilateral intra-abdominal cavity high cryptorchidism, whereas other male reproductive organs that depend on androgen for differentiation and development are relatively normal. 13 Fetal histology of male INSL3 -/mice has demonstrated a normal Wolffian tube structure but no Müllerian tube and seriously compromised development of the gubernaculum. 13 Thin gubernacula and a poorly differentiated Leydig cell band, which is not centrally located, indicate that testosterone and AMH secretion in the INSL3 -/mouse are normal; poorly developed gubernacula are closely correlated with INSL3 gene knock-out. 13 The LGR8/GREAT receptor is considered to be the only one with which INSL3 interacts and XF Song, GH Wei, X Liu et al.
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exerts its effects and is mainly expressed in tissues such as the gubernaculum testis and epididymis. 14 This receptor can specifically combine with INSL3 at extremely low concentrations to promote testicular descent in INSL3 transgenic mice. 14, 15 Mutation leading to deficiency of the LGR8 gene can result in abnormal gubernaculum development and cryptorchidism. 14 -16 Hence, INSL3 is considered to be an important hormone for promoting normal testicular descent.
A large number of studies have demonstrated that INSL3 is secreted by Leydig cells. 10, 17 If these cells are affected by physical and chemical factors, disrupted INSL3 secretion could indirectly influence the development and differentiation of the gubernacula, and testicular Leydig cells are one of the main targets of DEHP. 18, 19 Our previous research demonstrated that cryptorchidism in young mice could be successfully induced by oral gavage of the pregnant mother with DEHP. 20 Building on that observation, the present study has now demonstrated that DEHP affects INSL3 mRNA expression by Leydig cells in the mouse embryo and the newborn mouse. Primary cultures of Leydig cells isolated from mouse embryonic testes have a high survival rate and purity, and they maintain many of their biological characteristics, including proliferation, adherent cell growth, secretion of testosterone, and integral shape, which makes them useful for research. The present study showed that DEHP significantly inhibits the growth of primarily cultured testicular Leydig cells. Adherent cells detached from the cell culture plate and floated in the cell culture medium, where they underwent cellular degeneration. Testicular Leydig cells in the infant mouse exposed to DEHP during the late embryonic and early postnatal period were denatured to varying extents, with irregular shaped nuclei, partial nuclei and different sized cytoplasmic vacuoles. When exposed to DEHP, the Leydig cells gathered together or were arranged into a larger cell cluster. Infant mouse testicular Leydig cells given a high dose of DEHP underwent reactive hyperplasia. Using in situ hybridization and RT-PCR, we found significant differences between DEHP-treated groups and the control in the expression level of INSL3 mRNA, indicating that DEHP could effectively inhibit the expression of INSL3 mRNA. In in vivo experiments, more Leydig cells were found in the testes of 500 mg/kg per day DEHP-treated PND 15 infant mice, however the relative intensity of INSL3 mRNA expression was still significantly lower than the control group, indicating that Leydig cells undergoing reactive hyperplasia were immature and functionally incomplete. The difference in the relative intensity of INSL3 mRNA expression between the DEHPtreated groups and the control in PND 15 mice was less than that in PND 5 mice, indicating that the inhibitory effects of DEHP on INSL3 mRNA expression in Leydig cells might be time related in that DEHP-exposed mice testes have the ability to recover from the effects of DHEP exposure.
These results suggest that downregulation of INSL3 mRNA by DEHP might cause abnormalities of gubernacular development, hence might be one of the mechanisms involved in the development of cryptorchidism.
